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We study the angular distributions of the baryon-antibaryon low-mass enhancements in the three-
body baryonic B decays of B → pp¯M (M = K and pi) in the framework of the perturbative QCD.
By writing the most general forms for the transition form factors of B → pp¯, we find that the angular
distribution asymmetry in B− → pp¯K− measured by the Belle Collaboration can be explained. We
give a quantitative description on the Dalitz plot asymmetry in B− → pp¯K− shown by the BaBar
Collaboration and demonstrate that it is equivalent to the angular asymmetry. In addition, we
present our results on B¯0 → pp¯KS and B
− → pp¯pi− and we obtain that their angular asymmetries
are −0.35 ± 0.11 and 0.45 ± 0.10, respectively, which can be tested by the ongoing experiments at
the B factories.
PACS numbers: 13.25.Hw, 13.60.Rj, 12.38.Bx, 13.87.Fh
The three-body baryonic B decays of B → pp¯M (M =
K(∗) , pi) with a near threshold enhancement in the pp¯
invariant mass spectrum have been observed by the
Belle [1, 2] and BaBar [3] Collaborations. In fact, the
dibaryon threshold enhancement has been also observed
in other decays, such as the charmless modes B¯0 →
Λp¯pi+, B− → Λp¯γ and B− → ΛΛ¯K− [4, 5] and the
charmful ones B¯0 → pp¯D(∗)0, B¯0 → np¯D∗+ and B− →
Λ+c p¯pi
− [6] as well as the J/Ψ decays J/Ψ → pp¯γ and
J/Ψ→ Λ¯pK− [7]. Theoretically, the dibaryon threshold
enhancements in the three-body baryonic B decays were
first conjectured in Ref. [8]. Subsequently, various inter-
pretations, including models with a baryon-antibaryon
bound state or baryonium [9], exotic glueball states
[10, 11], fragmentation [11] and final state interactions
[12] have been proposed. Furthermore, the enhancements
in B → BB¯′M (B,B′ = p,Λ and M = D,K, pi, γ) have
been successfully understood [13, 14, 15, 16, 17] within
the framework of the perturbative QCD (PQCD) based
on the QCD counting rules [18, 19] due to the power ex-
panded baryonic form factors. On the other hand, the
threshold enhancements in the J/Ψ decays are still in
favor of some bound states [7].
To find out the origin of the threshold enhancements
and distinguish among the above theoretical models, var-
ious experimental studies have been performed [20]. The
Belle Collaboration has studied the angular distribution
asymmetry [2] in the helicity frame for the decays of
B− → pp¯K−, B¯0 → pp¯KS and B¯0 → Λp¯pi+, while the
BaBar Collaboration has measured the Dalitz plot asym-
metry [3] in the decay of B− → pp¯K−, which are sensi-
tive to the physical nature at the threshold as well as the
decay mechanism. In particular, both data support the
quark fragmentation mechanism but disfavor the gluonic
picture. So far, there is no consistent understanding of
the two asymmetries and thus one cannot directly com-
pare the data between the two Collaborations.
The angular distribution in B¯0 → Λp¯pi+ has been ex-
amined in Refs. [14, 21] based on the QCD counting rules
and the result is consistent with the data [2]. However,
such an approach faces a difficulty [21, 22] to understand
the shapes for the modes of B → pp¯K [2] due to the
lack of understanding of the baryonic transition form fac-
tors in B → pp¯. Moreover, quantitative descriptions of
the Dalitz plot asymmetries are not yet available besides
qualitative quark fragmentation mechanism [11].
In this letter, we will concentrate on the three-body
charmless baryonic decays of B → pp¯M (M = K,pi).
We will first write down the most general form of the
B → BB¯′ transition matrix element and then fix the
unknown form factors by the experimental data. In our
study, we will use the QCD counting rules as well as
the SU(3) flavor symmetry to get and relate the behav-
iors of the form factors. We will demonstrate that when
these form factors are constructed, the data of the an-
gular distribution [2] and Dalitz plot [3] asymmetries in
B− → pp¯K− can be understood. We will show that the
two asymmetries are equivalent by describing the same
physics. Furthermore, we will extend our investigation
to the decays of B¯0 → pp¯KS and B− → pp¯pi−.
From the effective Hamiltonian at quark level [23], the
decay amplitude of B− → pp¯K− is separated into two
parts, given by
A(B− → pp¯K−) = C(B− → pp¯K−) + T (B− → pp¯K−) ,
C(B− → pp¯K−) = GF√
2
{
VubV
∗
usa2〈pp¯|(u¯u)V−A|0〉 −
VtbV
∗
ts
[
a3〈pp¯|(u¯u+ d¯d)V−A|0〉+ a5〈pp¯|(u¯u+ d¯d)V+A|0〉
+
a9
2
〈pp¯|(2u¯u− d¯d)V−A|0〉
]}
〈K−|(s¯b)V−A|B−〉 ,
T (B− → pp¯K−) = GF√
2
{
(VubV
∗
usa1 − VtbV ∗tsa4)
〈K−|(s¯u)V−A|0〉〈pp¯|(u¯b)V−A|B−〉+ VtbV ∗ts2a6
〈K−|(s¯u)S+P |0〉〈pp¯|(u¯b)S−P |B−〉
}
, (1)
where GF is the Fermi constant, Vqiqj are the CKM ma-
2trix elements, (q¯iqj)V−A = q¯iγµ(1 − γ5)qj , (q¯iqj)S±P =
q¯i(1±γ5)qj and ai = ceffi + ceffi±1/Nc for i =odd (even) in
terms of the effective Wilson coefficients ceffi , defined in
Refs. [23, 24], and the color number Nc. In Eq. (1), we
have assumed the factorization approximation. As seen
in Eq. (1), the current part of the amplitude involves
time-like baryonic form factors from 〈pp¯|(q¯q)V,A|0〉 and
B → K transition form factors, which can be referred
in Refs. [17] and [25], respectively. On the other hand,
for the transition part of the amplitude, we need to eval-
uate the transition matrix elements of B → pp¯. Based
on Lorentz invariance, the most general forms for the
B → BB¯′ transition matrix elements due to scalar, pseu-
doscalar, vector and axial-vector currents are given by
〈BB¯′|Sb|B〉 = iu¯(pB)[fA 6p+ fP ]γ5v(pB¯′) ,
〈BB¯′|P b|B〉 = iu¯(pB)[fV 6p+ fS ]v(pB¯′) ,
〈BB¯′|V bµ |B〉 = iu¯(pB)[g1γµ + g2iσµνpν + g3pµ
+g4(pB¯′ + pB)µ + g5(pB¯′ − pB)µ]γ5v(pB¯′) ,
〈BB¯′|Abµ|B〉 = iu¯(pB)[f1γµ + f2iσµνpν + f3pµ
+f4(pB¯′ + pB)µ + f5(pB¯′ − pB)µ]v(pB¯′) , (2)
respectively, where Sb = q¯b, P b = q¯γ5b, V
b
µ = q¯γµb and
Abµ = q¯γµγ5b with q = u, d and s, p = pB−pB−pB¯′ is the
emitted four-momentum, and gi and fi are the the form
factors to be determined. Here the parity conservation
in strong interactions is used. We note that the forms
for the scalar and pseudoscalar currents in Eq. (2) have
been studied (e.g., see Ref. [13]), but those involving the
vector and axial-vector currents in Eq. (2) have not been
given in the literature previously.
At the scale ofmb ≃ 4 GeV, the t ≡ (pB+pB¯′)2 depen-
dences of the form factors in Eq. (2) can be parametrized
according to the power counting rules of the PQCD
[26, 27] based on the hard gluons needed in the process.
For example, in the transition of B → BB¯′, three hard
gluons are needed to produce BB¯′, in which two of them
create the valence quark pairs and the third one is re-
sponsible for kicking the spectator quark in B [21]. Since
each of the gluons has a propagator ∼ 1/q2 with q2 pro-
portional to the momentum of the BB¯′ pair, all of the
form factors fi and gi have to fall off as 1/t
3, in which the
propagator can be realized to contain a zero-mass pole
inducing threshold enhancement [8]. Explicitly, we have
gi =
Cgi
t3
, fi =
Cfi
t3
, (3)
where Cgi and Cfi are new sets of form factors to be
determined.
From equation of motion, we can relate the form fac-
tors in Eq. (2) and we obtain
mbfA = g1 , mbfP = mB[g4EM + g5(EB¯′ − EB)] ,
mbfV = f1 , mbfS = mB[f4EM + f5(EB¯′ − EB)] , (4)
where EM , EB¯′ and EB are the energies of theM meson,
B¯
′ and B, respectively. In Eq. (4), g2 and f2 disappear,
while g3 and f3 are neglected since the corresponding
terms are proportional to m2
M
which is small comparing
to mBEM and mB(EB¯′ − EB). The form factors in Eq.
(3) can be related by the spin SU(2) and flavor SU(3)
symmetries. In Table I, we show the relations for the
form factors in 〈pp¯|(u¯b)V,A|B−,0〉.
TABLE I: Relations between the B → pp¯ transition form
factors with i = 2, · · · , 5.
Form Factor Cg1 Cf1 Cgi = −Cgi
〈pp¯|(u¯b)V,A|B
−〉 5
3
N|| −
1
3
N||
5
3
M|| +
1
3
M||
4
3
M i||
〈pp¯|(d¯b)V,A|B¯
0〉 1
3
N|| −
2
3
N||
1
3
M|| +
2
3
M|| −
1
3
M i||
The decay width Γ of B− → pp¯K− is given by [28]
Γ =
∫ +1
−1
∫ (mB−mK)2
4m2p
βpλ
1/2
t
(8pimB)3
|A¯|2 dt dcosθ , (5)
where βp = (1 − 4m2p/t)1/2, λt = m4B + m4K + t2 −
2m2Kt − 2m2Bt − 2m2Km2B, θ is the angle between the
three-momenta of the K meson and the proton in the
dibaryon rest frame, and |A¯|2 is the squared ampli-
tude of Eq. (1) by summing over all spins. Note that
4mBEp(p¯) = m
2
B + t −m2p ± βpλ1/2t cos θ. From Eq. (5),
we can study the partial decay width dΓ/d cos θ as a func-
tion of cos θ, i.e., the angular distribution. We may also
define the angular asymmetry by
Aθ ≡
∫ +1
0
dΓ
d cos θd cos θ −
∫ 0
−1
dΓ
d cos θd cos θ∫ +1
0
dΓ
d cos θd cos θ +
∫ 0
−1
dΓ
d cos θd cos θ
, (6)
which is equal to (N+ −N−)/(N+ +N−), where N± are
the events with cos θ > 0 and cos θ < 0, respectively. The
angular asymmetry in B− → pp¯K− has been measured
by the Belle Collaboration [2] to be
Aθ(B
− → pp¯K−) = 0.59+0.08−0.07 , (7)
implying that the protons are emitted along the K− di-
rection most of the time [2] in the pp¯ rest frame, which
seems to be unexpected from the previous B studies in
the PQCD picture [22].
In general, when a decay mode mixing with vec-
tor (axial-vector) and scalar (pseudoscalar) currents, it
makes the partial decay width as a form of
dΓ
d cos θ
= a cos2 θ + b cos θ + c. (8)
For B¯0 → Λp¯pi+, one gets that c > −a > 0 with b ≃ 0
[14]. Therefore, its angular distribution as a function of
cos θ is figured as a parabolic curve opening downward
[21, 22], which is consistent with the data [2]. On the
other hand, the angular distribution of B− → pp¯K− [2]
3is gradually bent up as cosθ = −1 shifts to +1 (see Fig
3a in Ref. [2]), leading to an asymmetric Aθ in Eq. (7),
which is unexpected since the decay is dominated by V ·V
and A · A contributions [13, 16]. Clearly, the data for
B− → pp¯K− indicates a non-neglected cos θ term which
is comparable with the cos2 θ one in Eq. (8), i.e., a ≃ b >
0. To find out a large cos θ term, it is important to note
that the energy difference of the proton pair Ep¯ − Ep is
proportional to cos θ and related to g5 and f5 as seen from
Eq. (4), which could provide new source of the angular
dependence. We now summarize all possible cos θ and
cos2 θ terms in B− → pp¯K− as follows:
V1 · V5 , V4 · V5 , A1 ·A4 , A4 ·A5 ∝ cos θ ,
V1(5) · V1(5) , A1(5) ·A1(5) , A1 ·A5 , ∝ cos2 θ , (9)
where we have denoted the terms corresponding to gi
and fi in Eq. (2) as Vi and Ai, respectively. The squared
amplitude in Eq. (5) is reduced to be
|A¯|2 =
(
GF√
2
fKm
3
BαK
)2
(ρ0 + ρθ cos θ + ρθ2 cos
2 θ),
ρ0 =
g21
2m2B
(1 − tˆ)2 + 4 g1
mB
g4EˆKmˆp(1 − tˆ) + 2g24Eˆ2K tˆ
+
(
βK
αK
)2[
f21
2m2B
(1− tˆ)2 + 2Eˆ2Kf24 (tˆ− 4mˆ2p)
]
,
ρθ = 2βpλˆ
1/2
t
{
g1g5
mB
mˆp(1− tˆ) + g4g5EˆK tˆ+
(
βK
αK
)2
EˆK
[
2
f1f4
mB
mˆp + f4f5(tˆ− 4mˆ2p)
]}
,
ρθ2 =
1
2
β2p λˆt
{
− g
2
1
m2B
+ g25 tˆ+
(
βK
αK
)2
[
− f
2
1
m2B
+ 4
f1f5
mB
mˆp + f
2
5 (tˆ− 4mˆ2p)
]}
, (10)
with (tˆ, λˆ
1/2
t ) = (t, λ
1/2
t )/m
2
B, (mˆp, EˆK) = (mp, EK)/mB
and
αK(βK) = VubV
∗
usa1 − VtbV ∗ts
[
a4 ± 2a6m
2
K
mb(ms +mu)
]
.(11)
Here, to simplify our formula we have ignored the current
contribution of C(B− → pp¯K−) in Eq. (1), estimated
around 1% of the measured one by using the values of
the time-like baryonic form factors in [17]. However, all
terms are kept in our numerical calculation.
In our numerical analysis, we take the 10 data points
of dBr/d cos θ in B− → pp¯K− from Fig. 3a in Ref. [2]
(see also Fig. 1) and measured decay branching ratios [2]
of (5.74±0.61) and (1.20±0.35)×10−6 for B− → pp¯K−
and B¯0 → pp¯KS , respectively, as input values, along
with the CKM matrix elements referred in Ref. [29],
(a1, a4, a6) = (1.05,−0.0441−0.0072i,−0.0609−0.0072i)
[23], mu(mb) = 3.2 MeV, ms(mb) = 90 MeV [23] and
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FIG. 1: Branching fraction vs. cos θ in the pp¯ rest frame
for (a) B− → pp¯K−(pi−) with solid (dash) curve and (b)
B¯0 → pp¯KS, where the data points (stars) in (a) and (b) are
from Ref. [2].
mb(mb) = 4.19 ± 0.05 GeV [30]. We note that the ratio
of (βK/αK)
2 is around 15% which suppresses fV,S (or
f1,4,5) terms in Eqs. (2) and (4). Although there is no
surprise that V1 · V1 and A1 · A1 create cos2 θ with an
expected minus sign, the dominant contribution arises
from the g25 term with t around 4 − 25 GeV2 and as a
consequence, ρθ and ρθ2 can be both positive with the
same size and the condition of a ≃ b > 0 is fulfilled.
By performing the fitting, N||,|¯| and M
4,5
|| in Table I are
determined to be
N|| = 127.1± 26.6GeV 5, N|| = −200.9± 51.9GeV 5,
M4|| = −25.0± 15.4GeV 4, M5|| = 227.3± 22.0GeV 4,(12)
As seen in Fig. 1a, our result (solid curve) for
dBr(B− → pp¯K−)/d cos θ as a function of cos θ explains
the data [2] well and it is in agreement with the Belle
data of Aθ in Eq. (7). For B¯
0 → pp¯KS , the angular
distribution is shown in Fig. 1b, which is also consistent
with the data except the one point close to cos θ = 0.8.
Clearly, more data at the ongoing B factories are needed.
In addition, we predict
Aθ(B
− → pp¯pi−) = 0.45± 0.11 ,
Aθ(B¯
0 → pp¯KS) = −0.35± 0.10 . (13)
The result in Eq. (13) for Aθ(B
− → pp¯pi−) is antici-
pated since the decay is similar to B− → pp¯K− although
it is dominated by the tree-diagram. It is interesting to
point out that the minus sign for Aθ(B¯
0 → pp¯KS) in Eq.
(13) is different from the expectation of the fragmenta-
tion mechanism [11]. We note that from our fitted form
factors we obtain
Br(B− → pp¯pi−) = (3.0± 0.4)× 10−6 , (14)
which supports the Belle measurement of (3.06+0.73−0.62 ±
0.37) × 10−6 [1], but is higher than the Babar data of
(1.24±0.32±0.10)×10−6 [20]. We look forward to having
the future experiments at Belle and BaBar to check our
predictions in Eqs. (13) and (14).
It is known that the asymmetric Dalitz plot for B− →
pp¯K− reported by the BaBar Collaboration [3, 20] sup-
ports the fragmentation mechanism [11] but disfavors the
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FIG. 2: Branching fraction of Br(B− → pp¯M−)/dmBM with
(a) M = K and (b) M = pi as functions of mBM (B = p¯, p)
with the dash, dot and solid curves representing (i) mp¯M− >
mpM− , (ii) mp¯M− < mpM− and (iii) difference between (i)
and (ii), respectively.
gluonic resonance state [10, 11] as well as other interme-
diate state in the pole model [31]. We now examine if
we can give a quantitative description on the Dalitz plot
in the PQCD approach. To do this, we define the Dalitz
plot asymmetry for B → BB¯′M as
ADP =
Γ(m
B¯′M
)> − Γ(mBM)>
Γ(m
B¯′M
)> + Γ(mBM)>
, (15)
where Γ(mBM)> [Γ(mB¯′M)>] denotes the decay width
for the range of mBM > mB¯′M (mB¯′M > mBM) divided
by the line of mBM = mB¯′M in the Dalitz plot. It is
easy to see that for B− → pp¯K−, i.e., B = B′, the
Dalitz plot asymmetry is identical to the angular asym-
metry in Eq. (6) due to the fact that these two asym-
metries arise from the same source of ρθ in Eq. (10)
with the relations of cosθ = β−1p λ
−1/2(m2p¯K− − m2pK−)
and t = m2B + 2m
2
p + m
2
K − (m2p¯K− + m2pK−). Explic-
itly, in Fig. 2a, we show the decay branching fraction of
B− → pp¯K− as functions of mp¯K−,pK− with the dash,
dot and solid curves representing (i) mp¯K− > mpK− , (ii)
mp¯K− < mpK− and (iii) difference between (i) and (ii),
respectively. It is interesting to note that, as seen from
the figure, the Dalitz plot asymmetry peaked around 4
GeV is exactly the same as the data in Ref. [3]. However,
our prediction for B− → pp¯pi− shown in Fig. 2b is dif-
ferent from the BaBar unpublished result in [20] like the
decay branching fraction. Clearly, more precise data for
the Dalitz plot distribution on the pi mode are needed.
Finally, we remark that the form factors in Eq. (2) de-
termined by the angular distribution in B− → pp¯K− can
be used to examine other experimental measured three-
body baryonic B decays with a vector meson in the final
state, such as B → pp¯K∗ and B− → Λp¯J/Ψ [1, 6], which
have not been theoretically explored yet. Furthermore,
direct CP violation in B− → pp¯K(∗)− can be also inves-
tigated. Moreover, our study on the angular distribution
can be extend to the above modes as well as the decay
of B− → Λp¯γ, which has only been discussed in the pole
model [32].
We thank Drs. H.Y. Cheng, M. Graham and M.Z.
Wang for useful discussions. This work is supported by
the National Science Council of Republic of China under
the contract #s NSC-94-2112-M-007-(004,005).
[1] M.Z. Wang et al., Phys. Rev. Lett. 92, 131801 (2004).
[2] M.Z. Wang et al., Phys. Lett. B617, 141 (2005).
[3] B. Aubert et al., Phys. Rev. D72, 051101 (2005).
[4] Y.J. Lee et al., Phys. Rev. Lett. 93, 211801 (2004).
[5] Y.J. Lee et al., Phys. Rev. Lett. 95, 061802 (2005).
[6] N. Gabyshev et al., Phys. Rev. D66, 091102 (2002).
K. Abe et al., Phys. Rev. Lett. 89, 151802 (2002);
hep-ex/0409005; B. Aubert et al., 0408035; Q.L. Xie et
al., Phys. Rev. D72, 051105 (2005).
[7] J.Z. Bai et al., Phys. Rev. Lett. 91, 022001 (2003);
M. Ablikim et al., Phys. Rev. Lett. 93, 112002 (2004).
[8] W.S. Hou and A. Soni, Phys. Rev. Lett. 86, 4247 (2001).
[9] C.B. Dover and M. Goldhaber, Phys. Rev. D15, 1997
(1977). I. S. Shapiro, Phys. Rept. 35, 129 (1978).
[10] C.K. Chua, W.S. Hou and S.Y. Tsai, Phys. Lett. B544,
139 (2002).
[11] J.L. Rosner, Phys. Rev. D68, 014004 (2003).
[12] B. Kerbikov et al., Phys. Rev. C69, 055205 (2004);
D.V. Bugg, Phys. Lett. B598, 8 (2004); B.S. Zou and
H.C. Chiang, Phys. Rev. D69, 034004 (2004); A. Sibirt-
sev et al., ibid, D71, 054010 (2005); J. Haidenbauer,
U. G. Meissner and A. Sibirtsev, hep-ph/0605127.
[13] C.K. Chua, W.S. Hou and S.Y. Tsai, Phys. Rev. D65,
034003; D66, 054004 (2002).
[14] C.K. Chua and W.S. Hou, Eur. Phys. J. C29, 27 (2003).
[15] C.Q. Geng and Y.K. Hsiao, Phys. Lett. B610, 67 (2005).
[16] C.Q. Geng and Y.K. Hsiao, Phys. Lett. B619, 305
(2005); Phys. Rev. D72, 037901 (2005).
[17] C.Q. Geng and Y.K. Hsiao, hep-ph/0606036.
[18] S.J. Brodsky and G.R. Farrar, Phys. Rev. D11, 1309
(1975).
[19] S.J. Brodsky et al., Phys. Rev. D23, 1152 (1981).
[20] T.B. Hryn’ova, “Study of B meson decays to pp¯h final
states,” Ph. D thesis, SLAC-R-810.
[21] S.Y. Tsai, “Study of three-body baryonic B decays”, Ph.
D thesis, National Taiwan University (2005).
[22] H.Y. Cheng, J. Korean Phys. Soc. 45, S245 (2004);
hep-ph/0603003.
[23] Y.H. Chen et al., Phys. Rev. D60, 094014 (1999);
H. Y. Cheng and K. C. Yang, ibid, D62, 054029 (2000).
[24] A. Ali et al., Phys. Rev. D58, 094009 (1998).
[25] D. Melikhov and B. Stech, Phys. Rev. D62, 014006
(2000).
[26] G.P. Lepage and S.J. Brodsky, Phys. Rev. Lett. 43,
545(1979) [Erratum-ibid. 43, 1625 (1979)].
[27] G.P. Lepage and S.J. Brodsky, Phys. Rev. D22, 2157
(1980).
[28] C.H. Chen, C.Q. Geng and I.L. Ho, Phys. Rev. D67,
074029 (2003).
[29] S. Eidelman et al., [Particle Data Group], Phys. Lett.
B592, 1 (2004).
[30] F. Caravaglios et al., Nucl. Phys. B633, 193 (2002).
[31] H.Y. Cheng and K.C. Yang, Phys. Rev. D66, 014020
(2002).
[32] H.Y. Cheng and K.C. Yang, Phys. Lett. B633, 533
(2006).
